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In this thesis, various aspects of polymer-micelle interactions have been 
investigated. This chapter contains several discussions on these aspects. For 
the reader's convenience, however, the major conclusions from the preceding 




GC (1) Polymer-micelle association may occur without a noticeable reduction 
of the cmc, particularly in the case of nonionic micelles. 
GC (2) The occurence of polymer-micelle association can be revealed, inter 
alia, by a change in clouding behavior of the polymer, by a reduction 
in Krafft temperature of the surfactant, by a decrease in aggregation 
number, and by AHrnk measurements. 
GC (3) The stability of polymer-bound micelles relative to free micelles 
increases with increasing hydrophobicity of the polymer. The rather 
hydrophobic PPO causes a stronger reduction of the cmc of various 
ionic surfactants than the isomeric, better water-soluble polymer 
PVME. Both polymers show a much stronger propensity to undergo 
polymer-micelle interaction than the much more hydrophilic polymer 
PEO. 
GC (4) Polymer-bound micelles favor a larger surface area-to-volume ratio 
than the unperturbed micelles. This preference results in smaller 
aggregation numbers, and in the breakdown of rodlike micelles upon 
interaction with a polymer. 
GC (5) Increasing the length of the alkyl chain of the surfactant 
strengthens the interaction with polymers. 
GC (6) The dressed micelle model of Evans and  inh ham'*'^' is applicable to 
the quantitative description of a wide range of polymer-bound 
micelles. 
GC (7) The novel pH-method for determination of the cmc can be very useful, 
especially for measurements in the presence of polymers, in which 
case conductivity measurements, among other techniques fail. 
Conclusions concerning specific systems 
CSS (1) Nonionic micelles of OTG associate with PPO but not with PEO. 
Microcalorimetric measurements revealed that this interaction is 
endothermic. 
CSS (2) Increasing the positive charge of micellized DDAO (0 + +1) causes 
stronger association with PVME and PPO. Interaction between DDAO 
micelles and PEO is absent at all stages of protonation. 
CSS (3) Increasing the negative charge of micellized n-decylphosphate 
(-1 -+ -2) appears to reduce association with PEO, PPO, and PVME. 
CSS (4) Strong association occurs between micelles formed from the di-salt of 
2-n-dodecylmalonate and PEO or PVME. However, no direct comparison 
is possible with the propensity for interaction of the mono-salt with 
these polymers, due to interaction between the monomeric mono-salt 
and PEO or PVME. 
CSS (5) Interaction of micelles formed from n-decylphosphate (Zo= 1.1) with 
PVME leaves the chemical shift, coupling constants and longitudinal 
relaxation of the 3 1 ~ - ~ ~ ~  resonances unaltered. 
CSS (6) Binding of SDS micelles to PEO enhances the viscoelasticity of the 
polymer solution. 
CSS (7) The shear rate dependence of the apparent viscosity of an aqueous 
solution containing PEO and SDS can be described by a power law model 
for non-Newtonian behavior. Extremes in the model parameters occur at 
the cmc and saturation concentration. 
P 
CSS (8) SDS micelles are ripped from PEO above a critical shear stress. 
CSS (9) Vesicles formed from sodium di-n-dodecylphosphate show interaction 
with PVME, as revealed by the perturbed clouding behavior of PVME and 
electron micrographs of the vesicles. 
9.3 A criterion and a measure for polymer-micelle interaction 
A reduction of the cmc due to the presence of polymer clearly fails to be 
the ultimate criterion for polymer-micelle attraction. It is certainly 
decisive in one sense; that is, if a reduction takes place, it definitely 
points to polymer-micelle association. However, if the cmc is unperturbed, 
additional data, for instance microcalorimetric data or aggregation numbers, 
may still reveal such interaction. Therefore, the qualitative question whether 
polymer-micelle association occurs at all, must be solved first. The degree of 
micelle stabilization (cmc reduction) or the amount of micelles that may be 
bound to the polymer may then serve, in principle, as quantitative 
measures. 
The measurement of the surfactant concentration at which the polymer 
becomes saturated with micelles is a prerequisite for determining the number 
of bound micelles. Unfortunately, the saturation concentration is difficult to 
obtain, since the formation of free micelles may start before polymer 
saturation is complete and the total amount of bound surfactant depends also 
on the number of free micelles present73. Therefore, the degree of 
stabilization of micelles by binding to a polymer is still the most useful and 
practical quantitative measure for a comparison of polymer-micelle 
combinations. Apart from practical considerations, 'micelle stabilization' 
obtained from the cmc values indeed reflects interaction of the polymer with 
the micelle, whereas 'the number of bound micelles' depends largely on 
intermicellar interactions between bound micelles. 
Another quantity, which may be thought to provide a measure for the 
binding force between rnicelles and a polymer, is the critical shear stress at 
which rnicelles are ripped from the polymer. This approach, however, suffers 
from the same drawbacks as the 'number of bound micelles'. First, the approach 
also greatly depends on intermicellar interactions. Second, it is not widely 
applicable, since the necessary shear stresses are difficult to reach if the 
viscosity of the polymer solution is not sufficiently high to start with and 
considerably increased upon binding of micelles. Furthermore, the polymer 
solution must have a certain viscoelasticity. Finally, it is the hydrodynamic 
drag force and not the shear stress directly, which is held responsible for 
ripping the micelles from the polymer. 
9.4 The driving force for polymer-micelle interaction 
It goes without saying that the driving force for polymer-rnicelle 
interaction is a reduction in free energy of the total system. Still, it is 
worthwhile to note that both stabilization of the micelle proper and a 
reduction in the free energy of the (hydrated) polymer may provide the major 
contribution to the total free energy for the formation of polymer-bound 
rnicelles. 
Stabilization of the micelle upon binding onto a polymer can result from 
(i) a reduction in interfacial tension between the hydrophobic core and water, 
(ii) specific interactions between the polymer and surfactant headgroups, and 
(iii) a decrease in electrostatic repulsion between charged headgroups due to 
a lower aggregation number. The micellization process may, however, also be 
impaired to a certain extent by binding to a polymer, due to (i) an increase 
in surface area per surfactant molecule in the micelle, associated with the 
smaller aggregation number, (ii) steric (or other) repulsions between polymer 
segments and surfactant headgroups, and (iii) an increase in electrostatic 
repulsion related to the lower ionic strength which originates from a lower 
cmc. 
The net effect of the polymer on the free energy of the surfactant 
molecules in the polymer-bound micelle must be combined with the change in 
free energy of the polymer upon the transfer from the aqueous surroundings to 
the micellar surface. The free energy of transfer will be primarily related to 
the hydrophobicity of the polymer, but will also depend on steric requirements 
at the micellar surface and on the influence of the surfactant and counterions 
on the hydration sheath of the polymer. Polymers formed from quite bulky 
monomers are known to associate appreciably with all kinds of micelles, thus 
the steric requirements do not seem to be very stringent. The perturbation of 
the hydration sheath of the polymer, which is stronger for most anions than 
for the common cations and is sometimes used to explain the difference between 
anionic and cationic surfactants in their interaction with polymers, is also 
not likely to be decisive. A dominant role for this perturbation of the 
hydration sheath, namely, would not be in accordance with the reduction in 
association tendency upon increasing the charge of the phosphate surfactants, 
because more highly charged phosphate salts exert a greater influence on, for 
instance, the clouding temperatures of polymers. 
Binding of a polymer to a micelle is also enhanced when the length of the 
alkyl chain of the surfactant is increased. This is a common feature for 
hydrophobic binding to micelles, but the origin of the effect is still not 
well understood. 
We conclude that for rather hydrophobic polymers, like PVME and PPO, the 
nature of the micelles is not of decisive importance, because the free energy 
of transfer of the polymer is the dominant contribution and may even 
compensate an unfavorable influence of polymer-micelle interaction on the 
micellization process per se. For hydrophilic polymers like PEO (and PVA, PVP, 
etc.) the matter is more delicate. The precise geometry and chemical structure 
of the surfactant become decisive and stabilization of the micelles presents 
the major contribution to the total free energy: 
9.5 The role of the charge and structure of the surfactant headgroup 
Micellar charge, whether positive or negative, definitely stimulates 
micelle stabilization upon binding of polymers. It is not, however, a 
prerequisite for association, as has long been propagated. Neither does 
increasing the surfactant charge to higher values than unity necessarily 
result in a stronger stabilization of the micelle. 
The major effects of surfactant charge on the stabilization of 
polymer-bound micelles are a contribution from the reduction in electrostatic 
repulsion due to the smaller size of the bound micelles, and the influence of 
charged groups on the hydration sheaths of polymers. The former effect is 
operative for both negatively and positively charged surfactants. The latter 
effect does, in practice, depend on the sign of the charge, since only a 
limited choice of charged groups can be used as headgroups of a surfactant. 
The negatively charged headgroups like -0SO;. 0 ~ 0 t - a n d  OP0,H' exert a 
strong influence on the hydration of a polymer like PEO, as revealed by 
clouding point and flocculation studies (see section 3.1.2). In contrast, the 
positively charged headgroups, such as -NH,+ and -NM~,+ show only a weak 
influence. The origin of this difference in behavior is not yet understood, 
but it is clear that it is related to properties of the hydrated ionic 
headgroups. 
The headgroups of anionic surfactants invariably possess several oxygen 
atoms, which may serve as hydrogen-bond acceptors towards water. It is 
possible that, in case of the anionic surfactants, a hydrogen-bond network 
mediated by water loosely links the polymer to the headgroups. The cationic 
surfactants with a trimethylammonium headgroup cannot form hydrogen bonds with 
water, but those having an ammonium or an N-hydroxydimethylamrnonium head- 
group may serve as a hydrogen-bond donor. The hydration will therefore be 
'reversed', compared to that of the anionic surfactants, but hydrogen bonding 
is possible. Yet, also the ammonium and N-hydroxydimethylamrnonium surfactants 
do not form polymer-bound micelles with a polymer like PEO. However, the 
strength of the interaction of micelles of DDAO at P = 0.75 with PVME (-0.5 
k.J.rnol-') or PPO (-1.1 kJ.mol-') is comparable to that of n-decylphosphate at 
Zo = 1.0 with PPO (-1.0 kl.rno1-'). Admittedly, a DDAO molecule contains two 
more methylene units in the akyl chain, but on the other hand, the phosphate 
has a higher charge. 
Unfortunately, it is not yet possible to unravel the precise role of 
hydrogen bonding between polymer segments and hydrated headgroups. The 
importance of specific interactions, however, is definitely apparent from the 
difference in interaction tendency between the sulfate and phosphate 
surfactants and from the very strong interaction of the di-salt of 
2-allcylmalonates with polymers. 
The size of the headgroup has often been considered as the major factor 
in determining polymer-rnicelle interaction. However, its importance must not 
be overvalued in view of the following arguments, some of which were already 
presented in section 3.1.2. (i) Polymers formed from quite bulky monomers 
interact strongly with all kinds of micelles. Consider, for instance, 
hydroxypropylcellulose/~~~53 and ethylhydroxyethylcellulose/n-dodecyl- 
trimethylammonium bromide7'. (ii) Micelles formed from n-alkylammonium 
surfactants do not interact with PEO, despite the small size of the headgroup. 
(iii) Micelles formed from the di-salt of 2-n-dodecylmalonate interact very 
strongly with PEO, notwithstanding the bulky headgroup. (iv) The size of the 
headgroup of an alkylphosphate is smaller or comparable to that of an 
alkylsulfate, but, nevertheless, micelles of the former surfactant are 
considerably less stabilized by polymers. 
In conclusion, polymer-micelle interaction depends on several properties 
of the surfactant molecule, such as the chemical nature, geometry, and charge. 
There are some restrictions in chemical nature and geometry of the surfactant 
to provide a certain sign for the charge. For instance it is hard to find an 
anionic surfactant without an oxygen-rich headgroup or a cationic surfactant 
with many oxygen atoms and without a quarternary nitrogen atom. Therefore, it 
is not yet possible to formulate general rules concerning the relative 
importance of the properties, mentioned above. Cationic, anionic, and nonionic 
surfactants have all been shown to undergo polymer-rnicelle interaction on the 
premise that the polymer is sufficiently hydrophobic. The first nonionic and 
cationic surfactant that interacts substantially with, for instance, PEO has 
still to be reported. For cationic rnicelles, a betaine, like R-N(M~),+CH,COOH, 
may be found to interact with PEO, in view of the favorable interaction 
between the ether linkage and the COOH moiety. 
